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Abstract: Widespread use of the chlorotriazine herbicide, atrazine, has led to serious 
environmental and human health consequences. Current methods of detecting atrazine 
contamination are neither rapid nor cost-effective. In this work, atrazine-specific 
single-stranded DNA (ssDNA) molecular recognition elements (MRE) were isolated. We 
utilized a stringent Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 
methodology that placed the greatest emphasis on what the MRE should not bind to. After 
twelve rounds of SELEX, an atrazine-specific MRE with high affinity was obtained. The 
equilibrium dissociation constant (IQ) of the ssDNA sequence is 0.62 ± 0.21 nM. It also 
has significant selectivity for atrazine over atrazine metabolites and other pesticides found 
in environmentally similar locations and concentrations. Furthermore, we have detected 
environmentally relevant atrazine concentrations in river water using this MRE. The strong 
affinity and selectivity of the selected atrazine-specific ssDNA validated the stringent 
SELEX methodology and identified a MRE that will be useful for rapid atrazine detection 
in environmental samples. 
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1. Introduction 

Atrazine is a chlorotriazine herbicide used widely in crop production. An estimated 76.5 million 
pounds are used per year in the United States alone [1]. Its use is estimated to increase crop yields 
4%-6% [2]. The economic benefits of atrazine use have led to its continued application for many 
agricultural processes. 

The widespread application of atrazine, however, leads to contamination of aquatic ecosystems and 
water supplies. Dependent upon rainfall, up to 20% of atrazine applied to crops may run off or be 
leached from soils [3]. Streams bordering croplands applying atrazine have been shown to be 
contaminated at levels up to 1000 ng-L -1 . Additionally, some drinking water reservoirs in the U.S. 
have up to 88.4 (J,g-L _1 . Removal of atrazine in water treatment plants is possible, but varies widely 
throughout the US [4]. The US Environmental Protection Agency (EPA) Maximum Contaminant 
Level (MCL) is 3 Hg-L -1 for human exposure to atrazine [5]. The European Union has banned use of 
atrazine due to hazards and contamination levels above recommended limits [6]. 

The recommended limit of exposure is based on the potential negative effects of atrazine. Atrazine 
exposure at environmentally relevant levels affects aquatic organisms; including feminization of male 
frogs [7], salamander desiccation [8], and endocrine disruption in fish [9]. Endocrine disruption is also 
a potential mechanism of atrazine action in humans and other mammals [10-12]. It has been shown to 
interact with the steroidogenic transcription factor SF1 and G protein-coupled estrogen receptor 1 
(or GPCR30), causing signaling pathways to be upregulated. This may lead to hormonally-linked 
cancers and reproductive abnormalities. Additionally, atrazine may affect innate immune function and 
increase damage caused by other toxins such as arsenic [13,14]. There is also evidence that contradicts 
an EPA finding that atrazine is not a potential carcinogen [15]. It is therefore of critical importance that 
food and water supplies be routinely monitored for atrazine levels. 

The current methods of atrazine detection are either time- and labor-intensive or are not specific for 
the herbicide. The most common method is gas chromatography, which requires extensive sample 
preparation [16]. Combinatory chromatographic methods have been used to determine the presence of 
atrazine in both serum and urine [17,18]. Antibody-based assays are also used, however the antibody 
used cannot differentiate between atrazine and closely-related molecules [19,20]. There also has been a 
DNA binding element previously selected for atrazine which had a dissociation constant of 890 nM [21]. 
This affinity, is much less sensitive than necessary for the desired sensing application [22,23]. 
Furthermore, this binding element was only tested for cross-reactivity against one closely-related 
structure, and it was not significantly selective below the micromolar range. It is therefore necessary 
to identify an easily-synthesized binding element with high affinity and selectivity which may be 
incorporated into rapid sensing devices. Utilizing SELEX (Systematic Evolution of Ligands by 
Exponential Enrichment) an atrazine-specific Molecular Recognition Element (MRE) was identified 
with sub-nanomolar affinity. 
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Molecular Recognition Elements are biological molecules that strongly and selectively bind to a target 
of interest. They are produced by the in vitro selection process initially described by the Gold laboratory 
in 1990 [24]. Nucleic acid MREs are typically selected from a large (~10 15 ) library of single-stranded 
DNA or RNA molecules. The library is iteratively enriched for molecules which bind to the target of 
interest. The selected MRE may then be used for applications such as detection of the target molecule. 

A single-stranded DNA (ssDNA) MRE with high affinity and specificity for atrazine was isolated 
using a stringent SELEX scheme. This work enriched the library for the target of selection but also 
focused on multiple stringent negative selections against undesirable binding targets. Those negative 
targets were chosen by chemical similarities, such as target metabolites, or the environmental 
proximity to which they are found with the target. The selection scheme for atrazine was designed to 
ensure the MRE would bind to neither atrazine metabolites diamino-chloro-triazine (DACT) or 
desethyl atrazine nor the closely-related herbicide simazine [25]. It was also designed so that the MRE 
would not bind to propanil, 2,4-D acid, or malathion, which are pesticides found at similar levels and 
environments to atrazine [26-29]. Additionally, we have utilized this MRE to detect atrazine spiked 
into an environmental sample. The selected MRE thus will be useful in a sensing device, allowing for 
specific atrazine detection (e.g., [30-32]). 

2. Results and Discussion 

2.1. Selection of Atrazine-Specific MREs 

Twelve rounds of SELEX were completed to obtain ssDNA MREs which specifically bind to 
atrazine (Table 1, Figure 1). The selection scheme was designed so that the ssDNA MREs will bind to 
atrazine in solution and bind preferentially over the immobilization substrate and malathion, propanil, 
2,4-D acid, DACT, or simazine (Figure 2). After every third round of selection (rounds 3, 6, 9, 12), 
30-50 random sequences of the ssDNA molecules in the library were obtained for consensus sequence 
family analysis. From the Round 12 library, three sequences were chosen based on their inclusion in 
consensus sequence families and predicted tertiary structures (Table 2). Those sequences, R12.23, 
R12.28, and R12.57 were assayed for their binding affinity to atrazine. Two of those sequences, 
R12.28 and R12.57 showed lower affinity for atrazine than R12.23 and some non-specific binding to 
magnetic beads. R12.23, however, showed high affinity and specific binding for atrazine, and was 
therefore chosen for further binding analysis. Mfold predicted that this sequence had a Gibbs energy 
value of -11.23 kcal-moi -1 and therefore a high degree of stability (Figure 3). This sequence was not 
evident in any rounds prior to Round 12. 
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Table 1. Systematic Evolution of Ligands by Exponential Enrichment (SELEX) scheme 
for atrazine molecular recognition element (MRE) selection. 



Round 


Positive Selection 


Negative Selection 


1 


Immobilized Target (IT) 25 h 


Immobilization Substrate (IS) 23 h 


2 


IT 23 h 


- 


3 


IT 18 h 


IS 18 h 


4 


IT 12 h 


- 


5 


IT 10 h 


IS 16 h 


6 


IT w/methanol buffer 12 h 




7 


IT 10 h, Competitive Elution w/1 mM 






Atrazine (CE) 5 min 




8 


IT 2 h, CE 2 min 


IT 2 h, CE w/propanil, 2,4-D acid malathion, 5 min 


9 


IT 5 min, CE immediate 


IT 5 min, CE w/DACT 5 min 


10 


IT 1 min, CE immediate 


IT 5 min, CE w/Simazine 5 min 


11 


IT immediate, CE immediate 


IS 18 h 


12 


IT immediate, CE w/1 00 uM atrazine 





In vitro selection process for obtaining atrazine-specific MRE. Immobilization target (IT) is desethyl atrazine 
bound to magnet beads. Immobilization substrate (IS) is streptavidin-coated magnetic beads plus blocked 
biotin reagent. Competetive elution (CE) is removal of bound ssDNA from target-coated magnetic beads by 
free pesticide in solution. Times listed are incubation times in hours (h) or minutes (min). 



Figure 1. (A) Scheme showing the biotinylation of desethyl atrazine for magnetic bead 
immobilization; (B) Scheme depicting the SELEX process. A library of 10 15 ssDNA 
molecules are incubated with the target atrazine. Those that bind are amplified and 
incubated with multiple negative targets. Those that do not bind the negative targets are 
amplified and subjected to additional rounds of in vitro selection. 
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Figure 2. Chemical structures of molecules used in the SELEX scheme and cross-binding 
assays. (A) Structure of the herbicide and target of selection atrazine; (B) Structure of 
atrazine derivative desethyl atrazine, used to immobilize onto magnetic beads; (C,D) Structures 
of simazine and diamino-chloro-triazine (DACT): chemically similar to atrazine, and 
used in rounds of negative selection; (E-G) Structures of propanil, 2,4-D acid, and 
malathion: pesticides found in ecologically relevant environments to atrazine and used in 
negative selections. 
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Table 2. Sequence families obtained after 12 rounds of SELEX. 

R12.28 TGTACCGTCTGAGCGATTCGTACCATTAG TGGGTGC TCC TTACCTG AT GGTCATC TAGCCAGTCAGTGTTAAGGAGTGC 

R12.57 TGTACCGTCTGAGCGATTCGTACGGATTGGGTTTGCACTTTACCTGCGGTGCATCGCAGCCAGTCAGTGTTAAGGAGTGC 

R12.59 TGTACCGTCTGAGCGATTCGTACG GATTGGG TTTGCACTTTACCTGCGGTGCATCGCAGCCAGTCAGTGTTAAGGAGTGC 

R12.23 TGTACCGTCTGAGCGATTCGTACGAACGGCTTTGTACTGTTTGCACTGGC GGATTT AGCCAGTCAGTGTTAAGGAGTGC 

R12.31 TGTACCGTCTGAGCGATTCGTACTAGGAATCCAGCGGAAAAGGC TTGCA TTATCATGAGCCAGTCAGTGTTAAGGAGTGC 

R12.49 TGTACCGTCTGAGCGATTCGTACAGTTCTAGTAGGCGTTAGCATAAATGTTTG TTGCA GCCAGTCAGTGTTAAGGAGTGC 

R12.23 TGTACCGTCTGAGCGATTCGTACGAA CGGCTTT GTACTGT TTGCA CTGGCGGATTTAGCCAGTCAGTGTTAAGGAGTGC 

R12.24 TGTACCGTCTGAGCGATTCGTACAAGAGACT CGGCTTT TGTAATC TTGC GGTTTTGGAGCCATTCATTGTTAAGGATTGC 

R12.26 TGTACCGTCTGAGCGATTCGTA CGGCT AGAGTTGTTATGTTTCGATGGTCATCTGCAAGCCAGTCAGTGTTAAGGAGTGC 

R12.34 TGTACCGTCTGAGCGATTCGTACCGGTTCTTGAG CGGCT GAATAGTATTTTTC TTGCA GCCAGTCAGTGTTAAGGAGTGC 

R12.10 TGTACCGTCTGAGCGATTCGTACTCA TTTGT GGCA TTTG AGCGTCAGGGGTAAAGGTAGCCAGTCAGTGTTAAGGAGTGC 

R12.23 TGTACCGTCTGAGCGATTCGTACGAACGGC TTTGTA CTG TTTG CACTGGCGGATTTAGCCAGTCAGTGTTAAGGAGTGC 

R12.24 TGTACCGTCTGAGCGATTCGTACAAGAGACTCGGCT TTTGTA ATCTTGCGGTTTTGGAGCCATTCATTGTTAAGGATTGC 

R12.23 TGTACCGTCTGAGCGATTCGTACGAACGGCTTTGTACTGTTT GCACTGG CGGATTTAGCCAGTCAGTGTTAAGGAGTGC 

R12.65 TACCGTCTGAGCGATTCGTACCATCAGTAGAGTGC GCACTG TAGTAGATGGTCTTAGCCAGTCAGTGTTAAGGAGTGC 

R12.3 TGTACCGTCTGAGCGATTCGTACAGTAAG GCACTGG GGCCTTATGCTGTGAGGGATAAGCCAGTCAGTGTTAAGGAGTGC 

R12.33 TGTACCGTCTGAGCGATTCGTACTAAGCGACAGA GCACTG TTGCTGTTACAGTATCCAGCCAGTCAGTGTTAAGGAGTGC 

R12.6 TGTACCGTCTGAGCGATTCGT ACTGG CGTAGGGTCGTATCTCTTTAAGTGCTGTACTAGCCAGTCAGTGTTAAGGAGTGC 

R12.37 TGTACCGTCTGAGCGATTCGTACTCGTCTACATTTACTGGGTTGATGATGAGTATTCAGCCAGTCAGTGTTAAGGAGTGC 

Representative sequence families following Round 12 of SELEX. Families are separated by a space with 

common sequences underlined and sub-families double -underlined. 
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Figure 3. Sequence and structure of R12.23 ssDNA MRE. (A) ssDNA sequence of atrazine 
MRE R12.23; (B) Predicted R12.23 secondary structure by Mfold [33]. 
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2.2. Affinity and Specificity of Atrazine-Specific MRE 

Fluorescent saturation binding assays were performed to determine the affinity of MREs for atrazine. 
Concentrations of MRE in the high pM to low nM range were assayed. The equilibrium dissociation 
constant (K d ) was 0.62 ± 0.21 nM for R12.23, 5.10 ± 1.32 nM for R12.28, and 20.78 ± 4.74 nM for 
R12.57 (Figure 4). This bead-based fluorescence saturation binding assay method has previously been 
used to identify sub-nanomolar MRE affinities [34]. Therefore, R12.23 was chosen as the atrazine 
MRE to be used in further analysis. This is in the lower range of IQ values for MREs targeting small 
molecules, though affinities this high have been obtained before, and comparable to MREs targeting 
proteins [35,36]. As noted above, a DNA MRE was identified for atrazine with a Kd of 890 nM, 
1000 times higher than the MRE selected here [21]. This, combined with the inherent stability of 
DNA, makes it an excellent candidate for environmental sensing applications. Such high affinity for 
atrazine is likely due to the multiple rounds of selection with stringent binding conditions, thus 
validating the stringency of our SELEX scheme. 

Fluorescent specificity binding assays were also performed on the atrazine MRE through elution of 
the MRE bound to target beads when free target was added. The data is presented relative to R12.23 
binding to atrazine as has been previously described [37-39]. Analysis showed significantly higher 
binding of R12.23 to atrazine in solution than to four of the five negative targets used in the selection 
(p < 0.05) (Table 3). Binding of the MRE to atrazine was 2.1x greater than DACT, 2.1x greater than 
simazine, 1.5 X greater than propanil, and 1.5 X greater than 2-4,D Acid. Binding to atrazine was l.lx 
greater than to malathion, but this difference was not significant due to high variability in malathion 
binding. This is likely because malathion is known to be reactive toward DNA by cleaving it [40^12]. 
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This reactivity of malathion may not affect the signal of a field-deployable sensor if it is designed to 
function based on MRE folding or if it is designed to be dependent on an MRE of a specific size as 
previously described [43]. It is important to note that R12.23 is selective for atrazine over simazine, as 
current molecular recognition elements for atrazine are not [19]. Also, the MRE has negligible affinity 
for desethyl atrazine in solution. This is noteworthy because this atrazine derivative was immobilized 
on magnetic beads and used for the initial positive rounds of selection. It is clear that stringent 
competitive elutions selected for an MRE that has high specificity for atrazine in solution compared to 
the negative targets, further validating the stringency of our negative selections. 

Figure 4. Fluorescent equilibrium binding assays of R12.23. Data represent IQ of R12.23 
for three saturation binding curves. (A) Representative saturation binding curve of R12.23 
with nonlinear regression best fit; (B) Equilibrium dissociation constant with standard error 
of R12.23 binding assays. 
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Table 3. Cross-reactivity data of R12.23 ssDNA MRE. 



Eluent 


Normalized Average Fluorescence 


Standard Deviation 


p-Value 


Selectivity Ratio 


Atrazine 


1 


0.11 






Desethyl Atrazine 


-0.054 


0.44 


0.01 


Neg. * 


DACT 


0.47 


0.10 


0.002 


2.1 


Simazine 


0.47 


0.14 


0.003 


2.1 


Propanil 


0.65 


0.13 


0.01 


1.5 


2-4,D Acid 


0.64 


0.11 


0.009 


1.5 


Malathion 


0.92 


0.46 


0.39 


1.1 


MSB 


0.15 


0.19 


0.001 


6.6 



For each eluent, nonnalized average fluorescence in solution is given with standard deviation. The p- value is given 
from a student's Mest performed between the eluent and atrazine eluted fluorescence intensity. The selectivity 
ratio is the number of times greater binding to atrazine than to the eluent. MSB is methanol selection buffer as 
described. * Neg. denotes negligible binding of R12.23 to desethyl atrazine and thus a very large Selectivity Ratio. 
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2.3. Atrazine Detection in Environmental Conditions 

The high affinity and specificity of the atrazine MRE are both important characteristics for its 
further use in detection applications, such as contaminated ecosystems or individuals. The potential of 
the atrazine MRE for environmental analysis was evaluated using a 34 base truncated sequence for 
cost and processing efficiency which spans the stable binding region of the MRE. River water was 
spiked to contain 40 nM {i.e., 4.0 nmol) atrazine, which is below the level of concern in aquatic 
ecosystems reported by the EPA as 10 ppb [44,45]. The spiked sample was processed, incubated with 
immobilized MRE, and captured atrazine was quantified using capillary electrophoresis. The resulting 
electropherogram (Figure 5) confirms that 37% (1.5 nmol) of the atrazine was recovered from the river 
water. This confirms the utility of this MRE in environmental sensing applications and future work 
will compare this MRE to other detection methods. 

Figure 5. Separation and detection of MRE-bound atrazine from processed river water at 
an absorbance of 225 nm. 
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Nucleic acid MREs have previously been developed and used in environmental biosensing for small 
molecules [46,47]. It is also likely, as has been previously been reported, that this MRE will be 
incorporated into a multiplexed sensing platform that detects other atrazine metabolites as well as other 
pesticides [48]. They have also been used for detection of analytes in serum [32]. In both contexts, it is 
necessary for the MRE to differentiate between the target and closely-related molecules or other 
contaminants. The previously-noted atrazine MREs also do not show specificity for atrazine. The 
atrazine DNA MRE was not selected against simazine, although simazine was used to test specificity. 
There was no specificity below approximately 2 uM [21]. We have demonstrated in this work that 
there is specificity for atrazine over simazine and other metabolites and pesticides using as little as 
5 nM of the selected ssDNA MRE. The stringency of the SELEX methodology reported herein is thus 
capable of generating MREs with very high specificity and affinity and the selected R12.23 MRE will 
be much more useful in environmental sensing applications than other atrazine MREs. Additionally, 
we have shown the ability of the MRE to detect atrazine in environmental samples at environmentally 
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relevant concentrations. Using such a sensor, identified atrazine-polluted environments or contaminated 
at-risk individuals can be actively remediated or treated with chemical, physical or biological 
methods [49-51]. 

3. Experimental Section 

3.1. SELEXfor Selection of Atrazine-Specific MREs 

In order to select an atrazine-specific MRE, the SELEX process was used (Figure 1). A single 
stranded DNA (ssDNA) library consisting of 10 15 different molecules was screened through 12 rounds 
of selection (Table 1). The ssDNA library, termed RMW.N34, consists of two 23 base constant 
priming regions for polymerase chain reaction (PCR) amplification flanking a 34 base random region 
(synthesized by Eurofins MWG Operon; Huntsville, AL, USA). From this library, molecules that have 
a sequence and tertiary structure that specifically binds to atrazine were selected. Molecules in the 
library which bound to closely-related structures and other pesticides were removed (Figure 2). 

An atrazine derivative, desethyl atrazine (Figure 2B) (Fluka Analytical; St Louis, MO, USA) was 
covalently biotinylated by Sulfo-NHS-LC-Biotin (Pierce; Rockford, IL, USA) per manufacturer's 
instructions (Figure 1A). Biotinylated desethyl atrazine was then incubated with strep tavidin-coated 
magnetic beads (New England Biolabs; Ipswich, MA, USA) to immobilize the selection target. 
Unbound desethyl atrazine was washed to leave only biotinylated desethyl atrazine bound to magnetic 
beads (immobilized target). 

For positive immobilized target selection, the ssDNA library was incubated with 50 |xL immobilized 
target in 500 uL of buffer consisting of 100 mM sodium chloride, 20 mM Tris-HCl, and 2 mM 
magnesium chloride (IX selection buffer; SB). After an incubation period with rotation at room 
temperature, the immobilized target was separated from the solution by magnet, washed three times 
with 1 mL SB, and resuspended in SB. This suspension served as a template for PCR amplification of 
bound ssDNA. PCR conditions were as follows: enriched ssDNA library, 400 nM forward and 
biotinylated reverse RMW.N34 primers (Eurofins MWG Operon; Huntsville, AL, USA) (forward: 
5'-TGTACCGTCTGAGCGATTCGTAC-3', biotinylated reverse: 5*-Biotin-GCACTCCTTAACA 
CTGACTGGCT-3'), 250 uM deoxynucleotide triphosphates, lx GoTaq Reaction Buffer (Promega; 
Madison, WI, USA), 3.5 units Taq, and pure water. Reaction conditions were: initial denaturation of 
95 °C for 5 min; cycling at 95 °C for 1 min, 63 °C for 45 s, and 72 °C for 1 minute; and final extension 
of 72 °C for 7 min. Large-scale amplification of 4 and 2 mL was done preceding positive and negative 
selection rounds, respectively. This selection scheme for the desethyl atrazine target occurred for 
Rounds 1-5 of selection, each time with a shorter incubation period. 

Amplified dsDNA was then purified via the GFX PCR purification kit (GE Healthcare; Piscataway, 
NJ, USA). Eluted dsDNA from the column was incubated with strep tavidin agarose resin (Pierce; 
Rockford, IL, USA). Having used a biotinylated primer for the reverse strand amplification allowed for 
binding of the amplified dsDNA to the agarose resin. This was placed into a flow-through column and 
washed with 5 volumes of lx PBS. Five volumes of 1 M sodium hydroxide were then used to 
dissociate the DNA strands, eluting the forward strand ssDNA from the column. This solution was 
neutralized with 0.1 volume 3 M sodium acetate (pH 5.2), to which 2.5 volumes of cold 100% ethanol 
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were added. Glycogen at 10 jag-mL -1 was added as a co-precipitate for ethanol precipitation, and the 
solution was frozen. After freezing, this was centrifuged at 13,000x g for 1 h, washed with 70% 
ethanol, and centrifuged again for 15 min. The supernatant was then decanted and the ssDNA pellet 
dried under a vacuum. The purified ssDNA pellet was resuspended in SB and subjected to another 
selection incubation. 

Multiple, strong negative selections were performed to ensure the ssDNA MRE is specific for 
atrazine. Sulfo-NHS-LC-Biotin (Pierce; Rockford, IL, USA) was blocked with Tris-HCl. Then the 
blocked biotin reagent was incubated with streptavidin coated magnetic beads and washed with SB 
(immobilization substrate). 50 uL of blocked biotin reagent immobilized onto magnetic beads was 
incubated with purified ssDNA from the positive selection in a 100 uL volume. After an incubation 
period, the supernatant was removed and beads were washed three times with 25, 25, and 50 uL SB, 
with removed supernatant and washes serving as a PCR template. Amplified dsDNA was then 
prepared for another selection round as outlined above. Negative selections done in this manner 
occurred in Rounds 1, 3, 5, and 11. 

Round 6 of selection was done as stated above, however the selection buffer consisted of 10% 
methanol in 1 x selection buffer (methanol selection buffer; MSB) to ensure ssDNA binding in ensuing 
selection rounds. For Rounds 7-11 of positive selection, the purified ssDNA library was incubated 
with immobilized target as outlined above. However, after three washes, 100 uL of 1 mM atrazine in 
MSB was incubated with the beads for decreasing time periods. The ssDNA in the solution phase was 
separated from the immobilized target and served as a template for PCR amplification. Preparation of 
the library for the ensuing round of selection was done as noted above. 

More negative selections were performed on closely-related and environmentally-local molecules. 
The Round 8 negative selection was done as described above, however ssDNA was competitively 
eluted with the pesticides propanil, 2,4-D acid, and malathion (Figure 2E-G). The ssDNA bound to the 
immobilized target was separated from solution and resuspended, serving as the template for PCR 
amplification. Rounds 9 and 10 of negative selection were done in the same manner, with DACT and 
simazine (Figure 2C,D) serving as targets for competitive elution, respectively. 

The final round of positive selection, Round 12, was done similar to the competitive elutions above. 
However, bound ssDNA was eluted with 100 uL of 100 uM atrazine in MSB. This eluted ssDNA 
served as a template for PCR amplification. 

3.2. Sequencing of Atrazine-Specific MREs 

Every third round of selection, the ssDNA library was analyzed for consensus binding sequences by 
DNA sequencing. The PCR-amplified (using non-biotinylated primers) library was ligated into the pCRII 
vector (Invitrogen, Carlsbad, CA, USA) and cloned into competent bacteria per manufacturer's 
instructions. The plasmid was then extracted using the AxyPrep Plasmid Prep Kit (Axygen, Union City, 
CA, USA) and sent for sequencing (Eurofins MWG Operon, Huntsville, AL, USA) using the M13R 
primer complementary to a region upstream of the PCR insert in the pCRII vector. Analyses were done 
on 30-50 random sequences for each round to identify consensus sequence binding families (Table 2). 
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3.3. Atrazine MRE Binding Assays 

From the Round 12 sequences, three sequences were chosen for further characterization. The 
predicted tertiary structures were obtained using the Mfold DNA web server at 25 °C with buffer salt 
conditions [33]. R12.23, R12.28, and R12.57 were chosen and synthesized by Eurofins MWG Operon 
with an AlexaFluor 488 label for use in binding studies. 

Fluorescence saturation bead-based binding assays were performed as previously described [34,52,53] 
Concentrations of 0, 0.25, 0.5, 0.75, 1, 5, 10, 15, 20, and 25 nM MRE were used in saturation binding 
studies. In a 200 uL total volume of MSB, 10 uL of immobilized target was incubated with each 
concentration for five minutes. Unbound MRE was removed and each incubation was washed five 
times with 200 uL MSB, then the immobilized target was resuspended in 200 uL MSB and heated to 
95 °C for 10 min to denature and elute bound MRE. Eluted ssDNA in MSB was placed in a 96-well 
microplate and measured in a Synergy 2 microplate reader equipped with a tungsten halogen lamp with 
excitation wavelength of 490 nm and an emission filter at 520 nm using Gen5 1 .06 software (Biotek 
US; Winooski, VT, USA). All fluorescence readings on the plate were normalized to 100 |xL of a 1 nM 
solution in SB of the fluorescent MRE and the no ssDNA incubation. For each concentration set, the 
same was done with washed streptavidin-coated magnetic beads to ensure binding over background to 
the beads. Each set of incubations were performed in triplicate. To determine the dissociation constant 
of the MREs, data were analyzed with Origin 8 (OriginLab Corporation; Northampton, MA, USA) 
using nonlinear regression analysis and fit with the equation, Y = ((B max x X)/(Kd + X)) + NS x X, 
where B max is the maximum binding, K d is the dissociation constant, and NS is nonspecific binding. 

To determine binding of the selected MRE, R12.23, to negative targets used in the selection, 5 nM 
fluorescent ssDNA was used. For each eluent used, in a 200 uL total volume of MSB, 10 uL of 
immobilized target was incubated with R12.23 for five minutes. The magnetic beads were washed five 
times with 200 uL MSB. Then, each incubation was resuspended in 200 uL of 100 uM in MSB of 
the following in MSB: atrazine, desethyl atrazine, DACT, simazine, propanil, 2-4,D Acid, malathion, 
and MSB only. An incubation with no R12.23 present and with atrazine as the eluent served as 
normalization controls. Each eluent was incubated with the immobilized target for five minutes, and 
the solution was removed from the beads. This solution was placed in a 96-well plate and measured in 
a fluorescence plate reader. Data were normalized to an internal fluorescent standard and then the 
no-R12.23 control was subtracted. Each set of specific binding studies were performed in triplicate. 
Data were averaged and standard deviations calculated, with values presented relative to average 
atrazine binding as previously described [37-39]. For each eluent, a student's t-test was performed to 
determine statistical differences in the means. 

3.4. Atrazine Detection in River Water 

3.4.1. MRE Bead Immobilization 

A 360 uL sample of amine-terminated silica-coated magnetic beads provided at a concentration of 
30 mg/mL (#FA-101, Bioclone Inc., San Diego, CA, USA) were rinsed with 3 mL (1 mL x 3 times) of 
10 mM phosphate buffer at pH 8. The supernatant was removed and replaced with 360 uL of 
30 mM (4-4(4-maleimidophenyl) butyric acid iV-hydroxy succinimide ester) (Sigma Aldrich, Saint Louis, 
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MO, USA) crosslinker dissolved in 50 uL dimethylsulfoxide and 310 uL phosphate buffer. The 
solution was incubated for 1 hour at room temperature on a rocker. The beads were rinsed with 3 mL 
(1 mL x 3) Tris (10 mM)-EDTA (1 mM) buffer. Thiol-modified MRE (15 nmoles) (5-/5ThioMC6- 
D/TACTGTTTGCACTGGCGGATTTAGCCAGTCAGTG-3) (Integrated DNA Technology, Coralville, 
IA, USA) and 47 mM (tris-(2-carboxyethyl)phosphine, hydrochloride (Life Technologies, Grand Island, 
NY, USA) were added to the beads in Tris-EDTA buffer. This 34-base truncation of the selected MRE 
spanning the stable binding complex was used due to cost of preparation and efficiency of separation. 
The solution was incubated 180 min at room temperature on a rocker. The sample was rinsed with SB 
and stored at 4 °C. 

3.4.2. Sample Processing 

River water was collected from the Potomac River at GPS coordinates 39°00'00.04"N 79°03'05.78"W. 
River water (0.1 L) was decanted to exclude visible debris and spiked to contain 40 nM atrazine. The 
spiked water sample was processed through a C-18 cartridge (DSC 18 #5260 1-U, Supelco, Bellefonte, 
PA, USA). Prior to use, cartridges were rinsed with 5 mL of HPLC grade methanol and 5 mL 
deionized water. Water samples were loaded onto cartridges, rinsed with 2 mL of deionized water, and 
eluted in 1 mL methanol. The methanol fraction was evaporated to dryness at ambient temperature 
using a SpeedVac concentrator (Thermo Scientific, Waltham, MA, USA) in approximately 90 min. 
The dried sample was reconstituted in 100 uL of SB. The recovery of atrazine with this processing 
protocol was 130% when evaluated with 100 mL of river water. Beads with immobilized MRE were 
added to the reconstituted sample after being heated to 95 °C and cooled to room temperature. The 
sample was then incubated with beads for 60 min. The supernatant was removed by magnetic 
separation. Deionized water (100 uL) was then added to the beads and heated to 95 °C for 10 min to 
elute bound atrazine. The supernatant was removed by magnetic separation and the bound atrazine was 
quantified using capillary electrophoresis with UV visible absorbance detection. 

3.4.3. Atrazine Quantification 

Capillary electrophoresis was used to separate, detect, and quantify atrazine. Separations were 
performed with a Beckman Coulter P/ACE MDQ (Beckman Coulter, Fullerton, CA, USA) equipped 
with a UV-visible detector, which was operated at 225 nm. Separations were accomplished using a 
25 um inner diameter, 360 um outer diameter, 60 cm long fused silica separation capillary (Polymicro 
Technologies, LLC, Phoenix, AZ, USA). The detection window was positioned 50 cm from the anodic 
reservoir. The capillary was conditioned daily with the following flushes at 172 kPa (25 psi): 30 min 
1 N sodium hydroxide, 15 min water, 15 min methanol, 15 min water, 10 min with background 
electrolyte used for the capillary electrophoresis separation. The background electrolyte is comprised 
of 30 mM SDS, 30 mM phosphate buffered at pH 10. Between runs the capillary was flushed 
at 172 kPa (25 psi) for 3 min with the running electrolyte. The capillary cartridge was maintained at 
25 °C. Separations were performed at 24 kV under normal polarity (anode at the point of injection, 
cathode at the capillary outlet). The background electrolyte was made fresh every day prior to use. The 
eluted atrazine sample was introduced using pressure 7 kPa (1 psi) for 6 s. Data collection and analysis 
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were performed using 32 Karat Software version 5.0 (Beckman Coulter) and theoretical plates and 
peak width at 50% height were calculated with USP criterion software enabled. 

4. Conclusions 

A stringent SELEX methodology is demonstrated to isolate a molecular recognition element 
with high affinity and specificity for the herbicide atrazine. The MRE binds with a sub-nanomolar 
equilibrium dissociation constant and is selective for atrazine over several metabolites and other 
pesticides used as negative targets in the selection. Additionally, we were able to detect atrazine in 
spiked river water samples at environmentally relevant concentrations. The results validate our SELEX 
process while identifying a new tool for atrazine detection in environmental and biological mediums. 

Acknowledgments 

This work was supported by National Science Foundation Cooperative Agreements (NSF- 1003907 
and NSF-0554328) and West Virginia University. RMW was supported in part by a fellowship from 
the American Foundation for Pharmaceutical Education. 

Author Contributions 

RMW, CLC, SG, LAH, and LJS planned experiments, performed experiments, analyzed data, and 
wrote the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Brassard, M.; Gill, L.; Stavola, A.; Lin, J.; Turner, L. Atrazine: Analysis of Risks; United States 
Environmental Protection Agency: Washington, DC, USA, 2003. 

2. Ackerman, F. The economics of atrazine. Int. J. Occup. Environ. Health 2007, 13, 441-449. 

3. Graymore, M.S.F.; Allinson, G. Impacts of atrazine on aquatic ecosystems. Environ. Int. 2001, 
26, 483-495. 

4. Jiang, H.A.C.; Graziano, N.; Roberson, A.; McGuire, M.; Khiari, D. Occurrence and removal of 
chloro-s-triazines in water treatment plants. Environ. Sci Technol. 2006, 40, 3602-3616. 

5 . Atrazine Chemical Summary. United States Environmental Protection Agency, Toxicity and Exposure 
Assessment for Children's Health. Available online: http://www.epa.gov/teach/chem_summ/ 
Atrazine_summary.pdf (accessed on 14 August 2014) 

6. Sass, J.B.; Colangelo, A. European union bans atrazine, while the united states negotiates 
continued use. Int. J. Occup. Environ. Health 2006, 12, 260-267. 

7. Hayes, T.; Haston, K.; Tsui, M.; Hoang, A.; Haeffele, C; Vonk, A. Feminization of male frogs in 
the wild. Nature 2002, 41 9, 895-895. 

8. Rohr, J.; Palmer, B. Aquatic herbicide exposure increases salamander desiccation risk eight 
months later in a terrestrial environment. Environ. Toxicol. Chem. 2009, 24, 1253-1258. 



Int. J. Mol. Sci. 2014, 15 



14345 



9. Suzawa, M.; Ingraham, H. The herbicide atrazine activates endocrine gene networks via 
non-steroidal nr5a nuclear receptors in fish and mammalian cells. PLoS One 2008, 3, e21 17. 

10. Fan, W.; Yanase, T.; Morinaga, H.; Gondo, S.T.; Okabe, T.; Nomura, M.; Komatsu, T.; 
Morohashi, K.; Hayes, T.; Takayanagi, R.; et al. Atrazine-Induced aromatase expression is sf-1 
dependent: Implications for endocrine disruption in wildlife and reproductive cancers in humans. 
Environ. Health Per sped. 2007, 115, 720-727. 

11. Albanito, L.; Lappano, R.; Madeo, A.; Chimento, A.; Prossnitz, E.R.; Cappello, A.R.; Dolce, V.; 
Abonante, S.; Pezzi, V.; Maggiolini, M. G-Protein-Coupled receptor 30 and estrogen receptor-a 
are involved in the proliferative effects induced by atrazine in ovarian cancer cells. 
Environ. Health Per spect. 2008, 116, 1648-1655. 

12. Cooper, R.L.; Laws, S.C.; Das, P.C.; Narotsky, M.G.; Goldman, J.M.; Lee Tyrey, E.; Stoker, T.E. 
Atrazine and reproductive function: Mode and mechanism of action studies. Birth Defects Res. 
Part B Dev. Reprod. Toxicol. 2007, 80, 98-112. 

13. Mizota, K.; Ueda, H. Endocrine disrupting chemical atrazine causes degranulation through gq/11 
protein-coupled neurosteroid receptor in mast cells. Toxicol. Sci. 2006, 90, 362-368. 

14. Tchounwou, T.B.; Wilson, B.A.; Ishaque, A.B.; Schneider, J. Atrazine potentiation of arsenic 
trioxide-induced cytotoxicity and gene expression in human liver carcinoma cells (hepg2). 
Mol. Cell. Biochem. 2001, 222, 49-59. 

15. Mills, P.K. Correlation analysis of pesticide use data and cancer incidence rates in California 
counties. Arch. Environ. Health 1998, 53, 410-416. 

16. Amistadi, J.K.; Hall, J.K.; Bogus, A.R.; Mumma, R.O. Comparison of gas chromatography and 
immunoassay methods for the detection of atrazine in water and soil. J. Environ. Sci. Health B 
1997, 32, 45-60. 

17. Brzezicki, J.M.; Andersen, M.E.; Cranmer, B.K.; Tessari, J.D. Quantitative identification of 
atrazine and its chlorinated metabolites in plasma. J. Anal. Toxicol. 2003, 27, 569-573. 

18. Panuwet, P.; Nguyen, J.V.; Kuklenyik, P.; Udunka, S.O.; Needham, L.L.; Barr, D.B. 
Quantification of atrazine and its metabolites in urine by on-line solid-phase extraction-high- 
performance liquid chromatography-tandem mass spectrometry. Anal. Bioanal. Chem. 2008, 391, 
1931-1939. 

19. Wortberg, M.; Goodrow, M.H.; Gee, S.J.; Hammock, B.D. Immunoassay for simazine and 
atrazine with low cross-reactivity for propazine. J. Agric. Food Chem. 1996, 44, 2210-2219. 

20. Suri, C.R; Boro, R; Nangia, Y.; Gandhi, S.; Sharma, P.; Wangoo, N; Rajesh, K.; Shekhawat, GS. 
Immunoanalytical techniques for analyzing pesticides in the environment. TrAC-Trends Anal. Chem. 
2009, 28, 29-39. 

21 . Sanchez, P.E. DNA Aptamer Development for Detection of Atrazine and Protective Antigen Toxin 
Using Fluorescence Polarization; University of California: Riverside, CA, USA, 2012. 

22. Huang, D.-W.; Niu, C.-G.; Qin, P.-Z.; Ruan, M.; Zeng, G.-M. Time-Resolved fluorescence 
aptamer-based sandwich assay for thrombin detection. Talanta 2010, 83, 185-189. 

23. Ozsos, M.S.; Mascini, M.; Palchetti, I. Nucleic Acid Biosensors for Environmental Pollution 
Monitoring; Royal Society of Chemistry: London, UK, 201 1. 

24. Tuerk, C; Gold, L. Systematic evolution of ligands by exponential enrichment-rna ligands to 
bacteriophage t4 DNA-polymerase. Science 1990, 249, 505-510. 



Int. J. Mol. Sci. 2014, 15 



14346 



25. Muller, S.R.; Berg, M.; Ulrich, M.M.; Schwarzenbach, R.P. Atrazine and its primary metabolites in 
swiss lakes: Input characteristics and long-term behavior in the water column. Environ. Sci. Technol. 
1997, 37,2104-2113. 

26. Coupe, R.H.; Manning, M.A.; Foreman, W.T.; Goolsby, D.A.; Majewski, M.S. Occurrence of 
pesticides in rain and air in urban and agricultural areas of mississippi, april-september 1995. 
Sci. Total Environ. 2000, 248, 227-240. 

27. Purcell, M.; Neault, J.F.; Malonga, H.; Arakawa, H.; Carpentier, R.; Tajmir-Riahi, HA. 
Interactions of atrazine and 2,4-d with human serum albumin studied by gel and capillary 
electrophoresis, and ftir spectroscopy. Biochim. Biophys. Acta-Protein Struct. Mol. Enzym. 2001, 
1548, 129-138. 

28. McCarthy, I.D.; Fuiman, LA. Growth and protein metabolism in red drum (sciaenops ocellatus) 
larvae exposed to environmental levels of atrazine and malathion. Aquat. Toxicol. 2008, 88, 
220-229. 

29. Kucklick, J.R.; Bidleman, T.F. Organic contaminants in winyah bay, south-carolina. 1. Pesticides 
and polycyclic aromatic-hydrocarbons in subsurface and microlayer waters. Mar. Environ. Res. 
1994, 37, 63-78. 

30. Lin, Q.; Nguyen, T.; Pei, R.J.; Landry, D.W.; Stojanovic, M.N. Microfluidic aptameric affinity 
sensing of vasopressin for clinical diagnostic and therapeutic applications. Sens. Actuators B-Chem. 
2011, 154, 59-66. 

31. Yang, P.Y.; Wang, H.X.; Liu, Y.; Liu, C.C.; Huang, J.Y.; Liu, B.H. Microfluidic chip-based 
aptasensor for amplified electrochemical detection of human thrombin. Electrochem. Commun. 
2010, 12, 258-261. 

32. Soh, H.T.; Swensen, J.S.; Xiao, Y.; Ferguson, B.S.; Lubin, A.A.; Lai, R.Y.; Heeger, A.J.; 
Plaxco, K.W. Continuous, real-time monitoring of cocaine in undiluted blood serum via a 
microfluidic, electrochemical aptamer-based sensor. J. Am. Chem. Soc. 2009, 131, 4262-4266. 

33. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 
2003, 31, 3406-3415. 

34. Ahmad, K.M.; Oh, S.S.; Kim, S.; McClellen, F.M.; Xiao, Y.; Soh, H.T. Probing the limits of 
aptamer affinity with a microfluidic selex platform. PLoS One 2011, 6, e27051. 

35. Stoltenburg, R.; Reinemann, C; Strehlitz, B. Selex — A (r)evolutionary method to generate 
high-affinity nucleic acid ligands. Biomol. Eng. 2007, 24, 381-403. 

36. Hamula, C.L.A.; Guthrie, J.W.; Zhang, H.; Li, X.; Le, X.C. Selection and analytical applications 
of aptamers. Trends Anal. Chem. 2006, 25, 681-691. 

37. Hirao, I.; Spingola, M.; Peabody, D.; Ellington, A.D. The limits of specificity: An experimental 
analysis with rna aptamers to ms2 coat protein variants. Mol. Divers. 1998, 4, 75-89. 

38. Hamula, C.L.; Le, X.C; Li, X.-F. DNA aptamers binding to multiple prevalent m-types of 
streptococcus pyogenes. Anal. Chem. 2011, 83, 3640-3647. 

39. Mehta, J.; Rouah-Martin, E.; van Dorst, B.; Maes, B.; Herrebout, W.; Scippo, M.-L.; Dardenne, F.; 
Blust, R.; Robbens, J. Selection and characterization of pcb-binding DNA aptamers. Anal. Chem. 
2012, 84, 1669-1676. 

40. Moore, P.D.; Yedjou, C.G.; Tchounwou, P.B. Malathion-Induced oxidative stress, cytotoxicity, 
and genotoxicity in human liver carcinoma (hepg2) cells. Environ. Toxicol. 2010, 25, 221-226. 



Int. J. Mol. Sci. 2014, 15 



41. Pluth, J.M.; Nicklas, J.A.; O'Neill, J.P.; Albertini, R.J. Increased frequency of specific genomic 
deletions resulting from in vitro malathion exposure. Cancer Res. 1996, 56, 2393-2399. 

42. Reus, G.Z.; Valvassori, S.S.; Nuernberg, H.; Comim, CM.; Stringari, R.B.; Padilha, P.T.; 
Leffa, D.D.; Tavares, P.; Dagostim, G.; Paula, M.M.; et al. DNA damage after acute and chronic 
treatment with malathion in rats. J. Agric. Food Chem. 2008, 56, 7560-7565. 

43. Stojanovic, M.N.; de Prada, P.; Landry, D.W. Aptamer-Based folding fluorescent sensor for 
cocaine. J. Am. Chem. Soc. 2001, 123, 4928-4931. 

44. Agency, U.S. E.P., Atrazine Updates. Pesticides: Registration. Available online: 
http://www.epa.gov/oppsrrdl/reregistration/atrazine/atrazine_update.htm (accessed on 11 
August 2014). 

45. Anderson, B.; Corbin, M.; Erickson, R.; Frankenberry, M.; Irene, S.; Pease, A.; Thawley, M.; 
Thurman, N. The ecological significance of atrazine effects on primary producers in surface water 
streams in the corn and sorghum growing region of the united states (part ii). Off. Pes tic. 
Programs Environ. Fate Effects Div. 2009. Available online: http://www.epa.gov/scipoly/sap/ 
meetings/2009/may/05 1209minutes.pdf (accessed on 14 August 2014). 

46. Reinemann, C; Linkorn, S.; Stoltenburg, R. Aptamers for pharmaceuticals and their application 
in environmental analytics. Bioanal. Rev. 2012, 4, 1-30. 

47. Yildirim, N.; Long, F.; Gao, C; He, M.; Shi, H.C.; Gu, A.Z. Aptamer-Based optical biosensor for 
rapid and sensitive detection of 17beta-estradiol in water samples. Environ. Sci. Technol. 2012, 
46, 3288-3294. 

48. Zhang, J.; Wang, L.; Zhang, FL; Boey, F.; Song, S.; Fan, C. Aptamer-Based multicolor 
fluorescent gold nanoprobes for multiplex detection in homogeneous solution. Small 2010, 6, 
201-204. 

49. Saltmiras, DA.; Lemley, A.T. Atrazine degradation by anodic fenton treatment. Water Res. 2002, 
35,5113-5119. 

50. Mandelbaum, R.T.; Allan, D.L.; Wackett, L.P. Isolation and characterization of a pseudomonas sp 
that mineralizes the s-triazine herbicide atrazine. Appl. Environ. Microbiol. 1995, 61, 1451-1457. 

51. Herzberg, M.; Dosoretz, C.G.; Tarre, S.; Michael, B.; Dror, M.; Green, M. Simultaneous removal 
of atrazine and nitrate using a biological granulated activated carbon (bgac) reactor. J. Chem. 
Technol. Biotechnol. 2004, 79, 626-631. 

52. Qian, J.; Lou, X.; Zhang, Y.; Xiao, Y.; Soh, H.T. Generation of highly specific aptamers via 
micromagnetic selection. Anal. Chem. 2009, 81, 5490-5495. 

53. Stoltenburg, R.; Reinemann, C; Strehlitz, B. Flumag-Selex as an advantageous method for DNA 
aptamer selection. Anal. Bioanal. Chem. 2005, 383, 83-91. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



